We present the results from a stellar population modeling analysis of a sample of 162 z = 4.5, and 14 z = 5.7 Lyman alpha emitting galaxies (LAEs) in the Boötes field, using deep Spitzer/IRAC data at 3.6 and 4.5 µm from the Spitzer Lyman Alpha Survey, along with Hubble Space Telescope NICMOS and WFC3 imaging at 1.1 and 1.6 µm for a subset of the LAEs. This represents one of the largest samples of high-redshift LAEs imaged with Spitzer IRAC. We find that 30/162 (19%) of the z = 4.5 LAEs and 9/14 (64%) of the z = 5.7 LAEs are detected at ≥3σ in at least one IRAC band. Individual z = 4.5 IRAC-detected LAEs have a large range of stellar mass, from 5×10 8 -10 11 M ⊙ . One-third of the IRAC-detected LAEs have older stellar population ages of 100 Myr -1 Gyr, while the remainder have ages < 100 Myr. A stacking analysis of IRAC-undetected LAEs shows this population to be primarily low mass (8 -20 × 10 8 M ⊙ ) and young (64 -570 Myr). We find a correlation between stellar mass and the dust-corrected ultraviolet-based star-formation rate (SFR) similar to that at lower redshifts, in that higher mass galaxies exhibit higher SFRs. However, the z = 4.5 LAE correlation is elevated 4-5 times in SFR compared to continuum-selected galaxies at similar redshifts. The exception is the most massive LAEs which have SFRs similar to galaxies at lower redshifts suggesting that they may represent a different population of galaxies than the traditional lower-mass LAEs, perhaps with a different mechanism promoting Lyα photon escape.
INTRODUCTION
Lyman alpha emitting galaxies (LAEs) are thought to be among the youngest galaxies at high redshift (z = 3-6), and they may represent the building blocks of more massive galaxies at lower redshifts (e.g. Malhotra & Rhoads 2002; Gawiser et al. 2007; Finkelstein et al. 2011; Malhotra et al. 2012) . It was first proposed by Partridge & Peebles (1967) that strong Lyα emission in high redshift galaxies would be a signpost of primitive galaxies in formation. This is because Lyα photons will be produced in large amounts in star forming regions, and the first galaxies should be undergoing periods of extreme star formation. Metallicities in these galaxies will likely be much lower, which will produce hotter stellar photospheres, and hence will also produce considerably more ionizing radiation per unit star formation rate. Additionally, these early galaxies would contain little dust, which also helps with the escape of resonantly scattered Lyα photons, as they can have long path lengths through the interstellar medium, and thus may have a high probability of being attenuated by dust when present.
Many studies have been conducted to search for LAEs at high redshift (e.g. Rhoads et al. 2000 Rhoads et al. , 2004 Malhotra & Rhoads 2002; Hu et al. 1998 Hu et al. , 2002 Hu et al. , 2004 Pentericci et al. 2000; Ouchi et al. 2001 Ouchi et al. , 2003 Nilsson et al. 2007 ). Initial studies confirmed that the majority of LAEs appear to be young, low mass galaxies (e.g. Gawiser et al. 2006; Finkelstein et al. 2007; Lai et al. 2007 ). This makes the study of LAEs very important as it is these low-mass galaxies that are contributing the most to the total star formation activity at these redshifts (e.g. Bouwens et al. 2007; Reddy et al. 2008 ). Yet, there is also a population of LAEs that contain some dust, and are not primordial in nature (e.g. Finkelstein et al. 2008 , Pentericci et al. 2009 ). So, LAEs appear to be a heterogeneous population, with a fraction of them being more evolved and massive.
To constrain the stellar masses, ages, and dust content of LAEs it is common to perform spectral energy distribution (SED) fitting, comparing photometric observations to stellar population models. In some of the first samples of detected LAEs, at redshifts 3-6, the ground-based photometry often had to be stacked in order to perform SED fitting (e.g. Finkelstein et al. 2007; Nilsson et al. 2007; Gawiser et al. 2006) , providing only average properties of LAEs. More recent work includes deep Spitzer IRAC data, which probes the rest-frame optical light for these galaxies, has allowed detailed study of properties of LAEs at high redshifts. Observations of LAEs with Spitzer were done at z = 3.1 for a stacked sample of 162 LAEs (Lai et al. 2008) , where the data were stacked into an IRAC detected and IRAC undetected sample. They find that the IRAC detected sample has an average mass of 9×10 9 M ⊙ , and the undetected sample an average mass of 3×10 8 M ⊙ , with both stacks best-fit with zero dust. More recently, results from a stacking analysis by Acquaviva et al. (2012) have shown that the LAEs at z = 3.1 were actually best-fit with an older stellar population (∼ 1 Gyr) than LAEs at z = 2.1 (∼ 50 Myr). This result suggests that these are two very different populations of LAEs, and that the z = 3.1 LAE population cannot evolve directly into the z = 2.1 population. This implication, that the z = 3.1 LAE population is not the progenitor of the z = 2.1 LAE population, may not be that surprising given the typical short lifetime of LAEs. However, this result may also be telling us something about the dangers in estimates from stacking analyses, which makes it difficult to discern any heterogeneity in the population. For example, Nilsson et al. (2011) fit a sample of z = 2.3 LAEs both individually and stacked, and found that while the stellar mass estimates were robust between the stack and the individual objects, the ages and dust attenuations were not. Vargas et al. (2014) examined this in greater detail with a sample of z = 2.1 LAEs with Hubble photometry, and found that stacking fluxes were able to reproduce the mean properties in a given sample when fit individually, though does not do an adequate job of capturing the large dispersion of LAE properties. Finkelstein et al. (2008 Finkelstein et al. ( , 2009 ) used deep Hubble and Spitzer/IRAC observations of the relatively small GOODS-S field to study 14 LAEs at z = 4.5. The deep photometry allowed these LAEs to be fit individually, with about 75% of the 14 galaxies having IRAC detections in at least one band, while the rest had upper limits for all the IRAC fluxes. The best-fit masses for this sample ranged from 1×10 8 -6×10 9 M ⊙ , and with dust ranging from 0.3 -5 magnitudes of extinction at 1200 Å, corresponding to E(B-V) between 0.03 -0.4. At slightly lower redshift, z = 2 -3.6, Hagen et al. (2014) used broadband photometry and Spitzer observations to study a sample of 63 bright LAEs, fitting the objects individually and finding a large range in stellar mass from 3×10 7 -3×10 10 M ⊙ . In addition they also found that while most of these bright LAEs had small amounts of extinction, some did have larger amounts of dust, with E(B-V) as large as 0.4. Thus, LAEs, when examined individually, certainly seem to be a heterogenous population. To learn more about these intriguing galaxies, especially at higher redshift, we require a larger sample of observed infrared detected LAEs that we can fit individually whenever possible.
In this paper we present the observations of a large sample of z = 4.5 LAEs detected in Spitzer IRAC data at 3.6 and 4.5 µm as well as observed near-IR data at 1.1 and 1.6 µm with Hubble Space Telescope (HST) / NICMOS and WFC3 observations. We perform individual SED fitting on these galaxies using the combination of Spitzer observations, HST near-IR data, as well as ground-based optical observations. Specifically in cases with good Spitzer IRAC detections, we find the data helps to better constrain the stellar masses and stellar population ages of these galaxies, as it probes the rest-frame, mass-sensitive optical emission, and the age-sensitive 4000 Å break.
In §2 we describe the various data sets and observations used in the analysis. In §3 we describe the data reduction steps. In §4 we present our results, and describe the SED fitting process and outcomes. In §5 we discuss the implications of our results, comparing to previous studies of LAEs, as well as looking at where these galaxies fall on the main sequence of star formation. In §6 we present our summary and conclusions. Where applicable, we use a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω λ = 0.7, and assume a Salpeter (1955) initial mass function (IMF). All magnitudes quoted are in the AB system (Oke & Gunn 1983 ).
OBSERVATIONS
The LAEs targeted by the Spitzer survey were discovered by the Large Area Lyman Alpha (LALA) Survey (Rhoads et al. 2000) , which includes the Boötes field, and has accompanying deep broadband imaging in B, V , R, I, and z ′ bands taken with the MOSAIC camera on the 4m Mayall telescope at the Kitt Peak National Observatory. The LAEs in this field have been selected via several narrowband images at different wavelengths ranging from rest-frame Hα to ∼170 Å red-ward (NB656 Hα, NB662 Hα+4, NB665 Hα+8, NB670 Hα+12, NB673 Hα+16), giving observed LAEs at z = 4. 41, 4.45, 4.47, 4.51, and 4 .54, respectively. The 5σ limiting narrowband magnitudes are 24.8, 24.9, 24.8, 25.1, and 24.2 (AB) , in the five narrowband filters respectively, corresponding to a 5σ limiting line flux of 2-4 × 10 −17 erg s −1 cm −2 . The seeing in these images was typically 1 ′′ , thus object centroids are known to better than this value. We also have a few additional sources at z = 5.7, detected with narrowband filters NB815 and NB823 (see Rhoads & Malhotra 2001 for more detailed description of these observations). To select the z = 4.5 and 5.7 LAE candidates the following criteria were used: (1) a secure detection (> 5σ) in the narrowband filter; (2) a strong narrowband excess, i.e. the flux density in the narrowband should exceed that in the broadband at the 4σ level, this is done by requiring a narrowband -broadband color < -0.75 mag; and (3) no flux at wavelengths shorter than the expected Lyman break. The last condition implies that at z = 4.5, sources are undetected in the B-band, while for z =5.7 sources, they are undetected in both the B-band and V-band.
A subset of these narrowband selected LAEs have been observed spectroscopically to confirm the presence of Lyα emission, with the Keck+LRIS or Keck+DEIMOS spectrographs Dawson et al. 2007) . Of the 162 z = 4.5 LAEs, 48 (∼30% of our sample) have spectroscopically confirmed Lyα emission at z ≈ 4.5. Based on the spectroscopic follow-up of the larger LALA survey, Dawson et al. (2007) estimate a selection reliability of 76%. LAEs in the LALA field were also followed up spectroscopically with IMACS on the Magellan 6.5m telescope by Wang et al. (2009) , again finding a spectroscopic success rate of 76%. The other 114 sources in this study have not been targeted spectroscopically and thus are candidate LAEs based on the narrowband and broadband imaging. Five out of the 14 (∼35%) z = 5.7 LAEs have been spectroscopically confirmed as well. Table 1 provides a summary of the numbers of LAEs covered at each redshift, those with and without spectroscopic observations.
The Spitzer Lyman Alpha survey observed 162 LAEs in the Boötes Field with deep IRAC 3.6 and 4.5 µm imaging. These data were taken as part of the Cryo-mission GO cycle 4 and the Warm mission GO cycle 6 (PI Malhotra, PID 40009; PI Rhoads PID 60176). The Spitzer IRAC imaging of these objects used 100-second exposure times for each frame, with a total integration time of 13,600 seconds. The original Spitzer data as part of the Cryo-mission covered approximately 65 LAE candidates. The second Spitzer observing program during the Warm mission provided deeper data of the same original pointings along with coverage of another ∼ 100 LAE candidates. Additionally we have 800 seconds of Hubble Space Telescope (HST) NICMOS and WFC3 imaging at 1.1 and 1.6 µm covering 27 of the LAEs as part of the "Physical Nature NOTE. -Confirmed LAEs have spectroscopic followup. LAE candidates are based on combined narrow-band and broad-band photometry. a Number of objects detected at greater than 3σ (> 2σ). b Detection probabilities at 3σ (2σ) based on the total number of sources with IRAC or HST coverage in each category. and Ages of Lyman Alpha Galaxies" program (PI: S. Malhotra, PID 11153). The HST observations directly targeted 23 sources from the spectroscopically confirmed sample only, a few additional non-spec-z sources (narrowband selected objects) happened to be covered in these targeted observations, bringing the total number of LAE sources with HST NIR coverage up to 27.
DATA REDUCTION & ANALYSIS
The Spitzer IRAC data were reduced using the MOPEX software (Makovoz & Khan 2005) ′ ×7 ′ pointings; giving a total coverage area of approximately 510 square arcminutes. Within the MOPEX package we used the standard routines, as well as using the background matching routine, "overlap.pl", to match the background between pointings. Figure 1 shows a mosaic of all of the pointings in the 3.6 µm IRAC band, including both cryo and warm mission data.
Once the IRAC data were mosaicked together, we used the galaxy fitting software GALFIT (v3.0; Peng et al. 2010 ) to extract mid-IR fluxes of the Spitzer-detected LAEs. Due to contamination and crowding in the IRAC images, we used GALFIT to fit and subtract nearby sources around each candidate LAE. Figure 2 shows three LAE stamps, showing a range in detectable sources and GALFIT modeling and subtraction success for nearby sources. The LAE in the bottom panel is a z = 5.7 candidate LAE, and the middle and top panels are z = 4.5 LAEs. The three panels for each LAE in Figure 2 show the original IRAC 3.6µm image, the GALFIT model, and the residual image. For the Spitzer data, we ran Source Extractor on the IRAC images prior to GALFIT to estimate input magnitudes, radial profile, and positions of other sources in the image. GALFIT was run on each of the IRAC images on a 30 ′′ ×30 ′′ region centered on the known LAE location, fitting all sources. GALFIT requires both an uncertainty image and a PSF. The uncertainty images from the MOPEX mosaicing of each field were used, and we constructed PSFs using stars in each IRAC mosaic. For galaxies that were detected with GALFIT, we quote the GALFIT flux and error. For galaxies without IRAC detections, aperture photometry was performed with Source Extractor (Bertin & Arnouts 1996) , using a fixed aperture radius of 9 pixels or 5.4 pixels, on the residual image to obtain a flux measurement at the known source location. In fields where crowding and blending of sources is an issue that was difficult to overcome, even with the careful GALFIT modeling, or where there was a poor GALFIT subtraction of neighboring sources, we used the distribution of residual flux around the LAE to arrive at an independent flux error estimate. This was done by measuring the surrounding residual flux around the known LAE position, measured with SExtractor using fixed apertures as above, and taking an average residual flux value. When this value was comparable to the measured aperture flux from the LAE location, then it was set as the flux error, which was deemed more accurate than just taking the flux error from either GALFIT or SExtractor of the LAE itself.
For the HST WFC3 near-IR data reduction we used the multidrizzle software ( : Koekemoer et al. 2002 to reduce and stack the data with 0.128 arcsec per pixel resolution. The raw images were processed through the CALWF3 task (v2.1: 2010) included in the IRAF STSDAS package, and the reference files were obtained from the STScI. Two of the four images were affected by noticeable persistence due to a bright target exposure prior to these two images. We corrected these two images for persistence using a persistence removal software for WFC3 IR detectors (K. Long: private communication). In order to align individual images for stacking, we used the 'tweakshift' task to compute these shifts. Finally, the flat-fielded, persistence corrected and spatially matched images are drizzled and combined to produce a final stack. We followed a similar procedure for both F110 & F160W filters. For NICMOS data reduction, we used NICRED (Magee et al. 2007 ), a custom-designed pipeline to reduce NICMOS data. This pipeline corrects data for persistence, non-linear count rates, bad pixels, and pixels that are affected by cosmic rays. In addition, it performs sky-subtraction before drizzling individual images onto a final mosaic image. The high spatial resolution of the HST images allowed us to perform aperture photometry to extract the near-IR fluxes.
The deep ground-based data were reduced using standard IRAF packages, see the reduction details in Rhoads et al. 2000 . To measure the ground-based optical broadband and narrowband fluxes, aperture photometry was also performed with Source Extractor, using aperture radii of 4.5 pixels, or 1.2 ′′ . Aperture corrections were estimated and applied, based on the difference between the R-band Sextractor MagAuto magnitude and the aperture magnitude.
Figures 3-5 show stamps of the 30 z = 4.5 candidate LAEs that are detected at ≥ 3σ in at least one IRAC band. Figure 6 shows the 15 LAEs that are only confidently detected in HST NIR bands, but have an upper limit in IRAC (< 3σ). Figure 7 shows a selection of z = 4.5 and 5.7 LAEs that are not detected in either IRAC or HST, highlighting in some cases the difficulty of extracting IRAC fluxes in crowded / blended regions, or sources where the LAE is too faint and not detected above the IRAC background. Figure 8 shows stamps of the z = 5.7 LAEs, 9 of the 14 candidates with IRAC coverage were detected in at least one IRAC band. Table 1 gives a summary of the total number of sources with IRAC and/or HST NIR coverage, as well as the number of sources detected in each band at greater than 3σ and the resulting detection probabilities.
In order to estimate the range of best-fit stellar properties of the IRAC-undetected sample we performed a stacking analysis. We performed median flux stacking for all the filters in the IRAC un-detected sample. This method has been shown by Vargas et al. (2014) to be an improvement over median combined image stacking to estimate the fluxes in a stack. We also stacked the IRAC-detected sample in order to compare the average stellar properties between the two populations. To estimate the errors on the median-derived fluxes for each band we performed a bootstrap resampling with replacement of the individual objects in the stack. Stacking was not performed on the z = 5.7 sample, because of the small number of objects in this dataset, as well as the fact that a large majority of this sample was individually detected in IRAC, therefore deeming a stacking analysis unnecessary.
Stellar Population Fitting
To determine the physical properties of the LAEs we performed spectral energy distribution (SED) fitting, using the updated (2007) version of the Bruzual & Charlot (2003) stellar population synthesis models. We used all available flux measurements from the B-band to the IRAC mid-IR bands (the narrowband fluxes were not used in the fitting). The observed fluxes for each of the IRAC and/or NIR detected galaxies used in the SED fitting are listed in Table 2 for the z = 4.5 sample and in Table 3 for the z = 5.7 sample. IRAC flux errors are estimated from GALFIT for the sources with IRAC detections, while flux errors for the aperture-based photometry are taken from SExtractor. We also apply an additional flux error (5% of the flux) to all measurements when doing the fitting to account for additional sources of systematic error such as uncertainties in the zeropoints for the ground-based data, and aperture correction differences. Object ID 18c, which is a spectroscopically confirmed LAE at z = 4.446 based; the LAE is somewhat hard to detect in the original IRAC ch1 image and is nearby another brighter sources, but becomes easier to perform psf-fitting once the GALFIT models of other sources are subtracted. Middle Row: Object ID 207nc, which is a candidate LAE at z = 5.7, that is easily detected in the original data. Bottom Row: Object ID 11c, which is a spectroscopically confirmed LAE at z = 4.426, no detections for this object in IRAC were made above the background, either before or after GALFIT psf-fitting was performed.
To estimate the physical properties of each galaxy, we take our flux measurements and compare them to a grid of models, assuming a Salpeter IMF. The redshift of each source was fixed in the fitting, based on spectroscopic confirmation when available, or otherwise at the redshift that places Lyα in the narrowband filter with the strongest flux excess. We used empirical intergalactic medium (IGM) opacity (e.g. Madau 1995) in the models, and allowed for varying levels of dust extinction (assuming the extinction curve of Calzetti et al. 2000) . Our grid parameter space contained 47 discrete values for dust, with E(B-V) between 0 -1. The grid was more finely sampled at small E(B-V) values, and more coarsely sampled at larger values. We also account for nebular emission by using the prescription of Salmon et al. (2015) . The nebular emission line strengths depend on the number of ionizing photons which is set by the stellar population age, metallicity, and ionizing escape fraction (see Salmon et al. 2015 for more details). While we do not include the narrowband fluxes as constraints in our SED fitting process, Lyα emission is included in our nebular spectrum, and so the contribution of the observed line to the broadband flux can be accounted for. However, we acknowledge that the radiative transfer of Lyα is complicated, in that the geometry and kinematics of the interstellar medium (ISM) combined with the resonant scattering properties can result in an emergent Lyα strength which is different than the model predictions (as our model assumes that Lyα experiences the same dust attenuation as continuum photons at similar wavelengths). Modeling these ISM properties is outside the scope of this analysis, but we note that those studies which have examined the escape of Lyα photons have found that Lyα does not appear to, on average, suffer any "extra" attenuation due to these effects (e.g., Finkelstein et al. 2009; Blanc et al. 2011) . This is confirmed as the ratio of the observed Lyα flux to that of the best-fit model predicted flux has a median value close to unity (for IRACdetected sources). However, there is a non-negligible spread, in that ∼40% of these galaxies have narrowband observed-tomodel flux ratios which differ by more than a factor of two from unity. Thus, while Lyα does not appear to be dramatically attenuated more than continuum photons on average, this can clearly vary on a galaxy by galaxy basis.
Ages of galaxies in the models are allowed to vary from 10 Myr to the age of the universe at these redshifts; with specific grid values in steps of 1 Myr between 10 -20 Myr; in steps of 5 Myr between 20 -100 Myr; and in steps of 100 Myr between 100 -1000 Myr . Metallicity is also allowed to vary with discrete values of [0.02, 0.2, 0.4, 1.0] Z ⊙ . Star formation histories in the models are varied, with exponentially decaying and increasing star formation timescales. SFH = exp −t/τ , with τ = [0.1, 1, 10, 100, 1000, 10 4 , -300, -1000, -10 4 ] Myr. The shortest (0.1 Myr) and longest (10 Gyr) values of τ approximate a single burst, and continuous star formation, respectively. Model fluxes are calculated by integrat-ing the model spectrum weighted by each filter's transmission curve. We then find the best-fit model via χ 2 minimization, with χ 2 defined as:
We fit the SEDs of individual galaxies with IRAC detections or IRAC upper limit constraints to stellar population synthesis models. To determine the uncertainty on our best-fit stellar population properties we ran 10 3 Monte Carlo simulations on each object, varying the input flux measurements by an amount drawn from a Gaussian distribution with a standard deviation equal to the flux errors for a given filter. We then determine the 68% confidence range by finding the central 68% of results for a given parameter. We list the best-fit and 68% confidence interval results from the SED fitting for each galaxy (both the z = 4.5 and z = 5.7 samples) in Tables 4  -6. 4. RESULTS
Stellar Mass Ranges -Results with and without Nebular Emission
To study the effects that nebular emission, especially Hα emission in the 3.6 µm band, has on the derived stellar mass and other properties, we fit the galaxies both with and without nebular emission.
Figures 9-14 show samples of the best-fit SEDs for the HST/NIR and IRAC-detected objects, and are fit including nebular emission. We plot the 1σ error bars on each data point, and fluxes with less than a 3σ detection are shown by an upper limit. Figures 15 -17 plot a sample of the spectroscopically confirmed objects which have detections in the IRAC bands (the same sample that is shown in Figures 8 -10 ), but this time the objects have been fit without including nebular emission (all other allowable SED fitting parameters were kept the same). For the most part, especially for the IRAC-detected sample, the quality of the fits without nebular emission tend to be worse, with larger χ 2 values derived from the best-fits. For the IRAC-detected LAEs fit with nebular emission, we find that the typical masses range from 5×10 8 -few ×10 11 M ⊙ . The ages also show a large range, with about one-third of the IRAC-detected LAEs having stellar population ages between a few 100 Myr -1 Gyr, and the other two-thirds with ages between 10 Myr -100 Myr. When these same galaxies are fit without nebular emission, we find the ages are consistently higher, with a majority having best-fit ages between 600 Myr -1 Gyr. When comparing the best-fit stellar population ages of the IRAC detected sample in the two different fitting methods, we find only 11 out of 30 LAEs (37%) have ages greater than 100 Myr when fitting with nebular emission, whereas 22 out of 30 (73%) have ages over 100 Myr when fitting without nebular emission. We find a mean age ratio of Age neb / Age no neb = 0.5; an individual LAE is 50% more likely to have a best-fit stellar population age greater than 600 Myr if the fit is done without including nebular emission. Nebular emission is thus a crucial ingredient when fitting this population of star-forming galaxies. Figure 18 shows a histogram of the best-fit masses for the z = 4.5 LAEs, including errors determined from the Monte Carlo simulations for the IRAC-detected, and the NIRdetected sample and optical-only detected samples with upper limits in one or more of the IRAC bands. The IRAC detected objects are typically more massive than the LAEs that are only detected in the NIR or optical by one order of magnitude. The best-fit masses for both the IRAC and NIR samples tend to have typical mass errors of ∼0.2 dex, as compared to 0.4 dex for the IRAC non-detected sample, demonstrating that the addition of the IRAC fluxes leads to more robust SED fitting results, specifically on the stellar mass estimates. While the HST-only detected sources do not have full IRAC detections, they all have IRAC upper limits, and our fits show that when we have reliable HST NIR data that is coupled with IRAC upper limits which are close to the HST detections, it becomes a reasonable constraint on the SED fits. Typically in these cases, a large 4000 Åbreak is not allowed, and we end up with a lower stellar mass sample, with reasonable constraints for the HST-only detected LAEs. When the IRAC upper limit is not close to the HST detections, then the fit is less constraining and we do have higher uncertainties on the stellar mass estimates for these LAEs. The best-fit masses for the two stacks (IRAC-detected; IRAC-undetected) are also plotted in Figure 18 . By stacking the individual LAEs we saw improvement in the range of best-fit masses, especially for the IRAC-undetected stack as compared to individual LAEs in the blue histogram. Figure 19 shows the mass histogram for the z = 5.7 candidate LAEs. Nine objects are detected in IRAC and/or the NIR. These objects are some of the brightest in the IRAC sample, and appear to be relatively massive at this redshift. There are four objects at this redshift that only have measured upper limits in IRAC, and these tend to be less massive.
Age and Dust Results
The best-fit age and E(B-V) for each galaxy are shown in Figure 20 . The errors on the age distribution and dust are less constrained, and we see a spread in both age from 10 Myr -1000 Myr, and dust from 0 -1 magnitudes of dust reddening. LAEs with best-fit ages of 10 and 1000 Myr are falling right on the parameter endpoints in our grid, therefore we cannot say anything meaningful about the specific stellar population age in these cases, especially those that have 68% confidence in age that lies in one grid space, e.g. from 10 -10 Myr or 1000 -1000 Myr, and we can only conclude that these LAEs are likely very young or old.
As has been shown in Pirzkal et al. (2012) , as the photometric uncertainty increases in the observations, degeneracy between stellar ages and extinction also increases. The addition of the IRAC data is expected to help break this degeneracy; however when looking at typical uncertainties in both age and dust parameters for both the IRAC-detected sample and IRAC-undetected sample, we do not see any large systematic improvement in the range in age and dust estimates. However, we do see in some of the objects (but not all) with reliable HST NIR data, that they have more robust constraints on the stellar age and dust parameters for these individual galaxies. A broad conclusion we can make, is that while z = 4.5 LAEs are typically young (ages < 100 Myr), there is a smaller population of more evolved LAEs, with ages between 500 -1000 Myr, and this population tends to be have smaller amounts of dust. Overall, for the IRAC detected sample, we see a typical uncertainty on the stellar age of ±0.35 dex, compared to ±0.42 dex for the non-IRAC detected sample; similar uncertainties of ± 0.07 (IRAC detected) and 0.12 (non-IRAC detected) on E(B -V) are seen for both samples. There is a small trend of increasing age with decreasing dust content, but again the errors on both parameters show that we cannot reliably constrain the stellar ages with the current models and observations, therefore making it difficult to make strong conclusions about this parameter. We do see that in general the smaller sample of optical and NIR detected objects only (green data points) tend to be young and with only a smaller amount of dust, from 0 -0.4 magnitudes of dust. The more massive sample of IRAC detected LAEs (red points) tend to span a wider range in both properties, as do the optical only / IRAC upper limit detected LAEs. Overall, for both of these samples we see that the classical SED fitting is still not allowing us to break the issue of age / dust degeneracy, and therefore we cannot fully explore this issue.
Stacking Results
The best-fit SEDs fit to the data for the two stacked samples are shown in Figure 21 . In this figure we also show the range for 100 of the best-fit SEDs from the Monte-Carlo simulations (light grey lines). By stacking the data, we again confirm that the IRAC-detected objects on average are more massive than those that are undetected in the IRAC bands. We obtain a median best-fit stellar mass of 1.5×10 9 M ⊙ (0.86 -2.0×10 9 M ⊙ 68% confidence) for the IRAC-undetected stack, and best-fit mass of 9.2×10 9 M ⊙ (5.1 -9.5×10 9 M ⊙ 68% confidence) for the IRAC-detected stack. This stacking analysis demonstrates that the addition of the median fluxed combined stacked IRAC data helps better constrain the range of models, as seen by the smaller spread in stellar mass for the IRAC-undetected stack as compared to the individual IRACundetected LAEs. The IRAC-detected stack does appear to have a slightly better constrained fit on stellar mass than the IRAC-undetected stack, shown by the smaller spread in bestfit SEDs plotted in the left-hand panel of Figure 20 , as well as a somewhat smaller range on the stellar masses.
The range in other parameters, such as age and dust, do not appear to be much better constrained in the IRAC-detected stack as compared to the IRAC-undetected stack. The SED fitting results from the stacking analysis are summarized in Table 7 . From the Monte-Carlo simulations, we measure a 68% confidence range in best-fit values of E(B -V) of 0.01 -0.17 and 0.00 -0.09 for the IRAC-detected stack, and IRACundetected stack, respectively. We measure a 68% confidence range for age of 203 -1015 Myr and 64 -570 Myr for the IRAC-detected stack, and IRAC-undetected stack, respectively. Stacking thus allows us to place some constraints on the age and dust attenuation, even in low-mass galaxies which were individually undetected with IRAC. However, we find here (similar to previous works, e.g. Nilsson et al. 2011; Pirzkal et al. 2012; Aquaviva et al. 2013 ) that even when stacking, we still obtain tighter constraints on the stellar mass than other physical properties.
5. DISCUSSION 
Stellar Masses -Comparison to other LAE studies
Other recent studies of LAEs and LBGs at similar redshift have used Spitzer IRAC observations to try to better constrain the stellar masses and other properties of z ∼ 4 galaxies. We compare our derived z = 4.5 LAEs stellar population properties to previous studies of LAEs that have made use of IRAC observations. The Lai et al. z = 3.1 sample was stacked into an IRAC-detected and IRAC-undetected sample, with the IRAC detected sample having an average mass of 9×10 9 M ⊙ , and the undetected sample having an average mass of 3×10 8 M ⊙ . This is comparable to our z = 4.5 results, with the IRACdetected stack being more massive at both redshifts, with our z = 4.5 IRAC-detected stack having a best-fit stellar mass of 9×10 9 M ⊙ , and our IRAC-undetected stack having a best-fit stellar mass of 15×10 8 M ⊙ . Individually, when we compare our IRAC-detected objects to those fit by Finkelstein et al. (2008) at the same redshift, we find a similar overlap for some of our IRAC-detected sample, but with a fraction of our sample having higher masses. Of those detected in at least one IRAC band in the z = 4.5 LAE sample from Finkelstein et al. (2009) , they find a range of stellar masses of 3×10 8 -6×10
9 M ⊙ , we find LAEs in this same mass range in our sample, however we also have 11 galaxies with best-fit masses greater than 10 10 M ⊙ , representing 7% of our total sample. Of our massive LAEs, 20% come from the spectroscopically confirmed sample; this is somewhat similar to the overall sample breakdown between spec-z galaxies and non-spec-z galaxies, with 30% of the total galaxies observed with IRAC being a spec-z confirmed LAE. Detecting a higher fraction of massive LAEs as compared to Finkelstein et al. (2009) is likely due to the much larger survey area of our study, allowing for detection of a fraction of LAEs that represent the rare, most massive, more evolved population of galaxies at this redshift. However, it is possible that some of these massive galaxies which are not yet spectroscopically confirmed could be lower redshift interlopers, though the fraction is likely small, given the overall ∼75% spectroscopic confirmation success rate (Dawson et al. 2007 ).
Hα Emission
In addition to better constraints on stellar mass, the Spitzer IRAC data can tell us about possible contribution to the SED from Hα emission. There are clearly cases in our sample where there is a high 3.6µm band-flux, and the best-fit template fits this with a strong Hα flux. Examples of this include sources 43c, 53c (Fig. 11) ; and 40nc, 60nc, 62nc (Fig. 12) . In these sources, the observed narrowband photometry is also a good match to the predicted Lyα flux from the best-fit templates, even though the narrowband fluxes were not used in the fits. This implies that despite the uncertainties in the radiative transfer of Lyα, our simple assumptions regarding Lyα escape discussed in §3.1 may be appropriate.
In a recent study, Stark et al. (2013) derive an Hα equivalent width distribution for their sample of 92 spectroscopically confirmed LBG galaxies at z = 3.8 -5, based on the 3.6 µm flux. They find an average rest-frame Hα equivalent width of 270 Å, indicating that nebular emission contributes at least 30% to the 3.6 µm flux. Shim et al. (2011) also have a sample of 74 z∼4 LBGs detected in Spitzer IRAC 3.6 and 4.5 µm observations. They show that 70% of their sources show an excess in 3.6µm over the stellar continuum. In this sample of LAEs we have 22 sources with IRAC 3.6 µm detections above 3σ, of those 22 sources 7 are from the spectroscopically confirmed sample, and the other 15 are from the narrowbandselected sample. Of these 22 sources, 11 have 3.6 µm emission above the stellar continuum as determined from the bestfit SED. This corresponds to 50% of this subset sample having Hα emission above the stellar continuum, somewhat comparable to the 70% in the Shim et al. sample. However, the presence of an emission line (i.e. a 3.6 µm excess) implicitly makes a given object easier to detect with IRAC. A conservative lower limit to the fraction with strong Hα emission would be >9% (11 with a 3.6 µm excess compared to 123 total 3.6 µm-observed galaxies).
We also see when only looking separately at the spectroscopically confirmed sample, and the non-spectroscopically confirmed sample, that both samples of IRAC-detected objects have similar fractions of 50% with 3.6 µm detections have emission above the stellar continuum. This similar fraction of an excess in 3.6µm over the stellar continuum in both our samples gives credence to our narrowband only selected LAEs, indicating both samples are probing similar properties FIG. 7 .-Same as Figure 3 , except that these sources are not reliably detected in IRAC, and only have IRAC upper limits. These sources are examples where the IRAC flux was difficult to measure based on crowding or blending of sources, or cases where the LAE was too faint and not detected at all. Source ID 222 is a z = 5.7 LAE, but it also suffers from crowding issues, and a reliable flux for it could also not be measured.
of LAEs at this redshift. While a smaller sample fraction, this subsample of spectroscopically confirmed LAEs may be a robust estimate of the true LAE population as their redshift is known, and a higher fraction of them also have HST NIR detections as well, resulting in better estimates on the SED fitting (in particular, on the continuum blue-ward of Hα). Given the strong Lyα emission from our sample of LAEs, we would expect strong Hα as well.
Star Formation Rates vs. Stellar Mass
Previous studies at lower redshift have shown that there is a sequence of star forming galaxies, with a nearly linear relationship between star formation and stellar mass, known as the "main sequence (MS) of star formation" (e.g. Noeske et al. 2007; Daddi et al. 2007; Elbaz et al. 2007 ) at a given redshift. These studies have shown that the tight relations exist locally and at redshifts 1 and 2, and that the slope of the trend does not seem to evolve much with redshift. The sequence normalization does vary, with lower normalizations at lower redshift, demonstrating that higher-redshift star forming galaxies are forming stars at higher rates compared to similar mass galaxies at lower redshift. More recent work has shown that these trends continue to higher redshift. Weinzirl et al. 2011 showed that a sample of more massive galaxies at redshift 2 -3 continues to follow the Daddi z = 2 trend. Hathi et al. 2013 looked at a sample of LBGs at z = 1 -3 and a comparison sample at z = 4 -5, with both samples showing a higher normalization above the Daddi z = 2 MS, though both samples are best-fit by a trend line with a logarithmic slope of 0.9, similar to z ∼ 2 samples from both Daddi et al. (2007) and Sawicki (2012) . Even more recently, Speagle et al. (2014) have investigated the MS out to z ∼ 6 and find that the width of the MS distribution remains constant over time, with a spread of ∼0.2 dex. They also note that the scatter around the MS at a fixed mass may be due to scatter in time, i.e., an uncertainty in the age of the universe at a given mass and star formation rate.
We investigate our sample of z =4.5 LAEs by placing them on the star formation rate (SFR) versus stellar mass plane. We calculated the SFR assuming the Kennicutt (1998) UV star formation calibration defined from the dust-corrected UV absolute magnitude from 1500 -2800 Å, assuming a Salpeter IMF (as in Kennicutt 1998) . Using the best-fit model for each galaxy, we calculated the model UV flux from 1500 -2800 Å, and then corrected for dust attenuation by taking the bestfit E(B-V) dust estimate and converting it to a dust extinction at A 2150 (assuming a Calzetti dust law). The 68% confidence range on the dust parameters was used in determining uncertainties on the derived SFRs. The best-fit mass and derived SFR are plotted in Figure 22 , with error bars based on the Monte Carlo simulations for each quantity.
We find that our sample of z∼4.5 LAEs follow a similar linear correlation, though the normalization is higher than the z∼2 derived MS of star forming galaxies from Daddi et al. (2007) , who also assume a Salpeter IMF. Interestingly, we do find that the majority of our massive (log M/M ⊙ > 9.5) LAEs fall directly on the z ∼ 2 trend. Fitting to the IRAC-detected and HST-detected LAEs between the mass range of 10 7 -3×10 9 , we derive a best-fit line with a logarithmic slope of 0.9 ± 0.05. In Figure 22 , the solid cyan line shows this bestfit trend for our sample, extrapolated out to higher masses. The dashed cyan lines show the scatter from the best-fit line, which is ∼0.3 dex for the LAEs at z = 4.5. This is similar for that stack. This sample is at the upper mass end of our sample of LAEs, and appears to fall in between our two LAE populations on the SFR -stellar mass plot (orange square in Figure 21 ), but is consistent with the Hathi et al. LBG sample at these redshifts. However, another recent study of the SFR -stellar mass relation by Salmon et al. (2015) , looking at galaxy samples at redshifts 4 -6, found for their z = 4 sample, a logarithmic slope of 0.7 ± 0.21, but with a lower normalization than what we see for our main z =4.5 LAE sample. The <3× 10 9 M ⊙ , the SFR-stellar mass relation of LAEs at z = 4.5 is similar in slope and spread but is elevated in normalization by 4-5 times compared to continuum-selected galaxies at the same redshift. Other recent studies of LAEs at redshifts 2 -3 have also found that the general LAE population lies above the normal z∼2 star forming galaxy main sequence (Song et al. 2014; Vargas et al. 2014) .
To better investigate the two different populations of z = 4.5 LAEs seen on the SFR versus stellar mass plot, we looked at individual stellar properties of IRAC-detected objects that have similar masses, but substantially different star formation rates. One set contains objects with SFRs above 100 M ⊙ yr −1 and masses between a few × 10 9 -few × 10 10 . There are 6 IRAC-detected objects in this set. The second set contained objects with SFRs less than 50 M ⊙ yr −1 , but within the same mass range as the first set. There are 13 IRAC-detected objects in this set. We find that the lower SFR sample (those that more closely follow the z = 2 MS line) is typically older than the higher SFR sample. The lower SFR sample has bestfit ages ranging from 60 Myr -1 Gyr, with only four galaxies having ages between 60 -100 Myr, and all others having ages between 570 -1000 Myr; whereas the higher SFR sample has best-fit ages ranging from 10 -60 Myr, with only one galaxy in this higher SFR sample having a best-fit age above 20 Myr. One possible explanation for this, is that we are again seeing two populations of LAEs (similar to Finkelstein et al. 2009 ); one subset of galaxies is relatively young with high amounts of star formation, and the other population is older with less star-formation. These two populations could represent different paths for Lyα photon escape. In the younger population, the galaxies are undergoing a burst of star-formation, likely driving strong outflows, which may allow the Lyα photons to shift out of resonance via multiple scatterings in an outflowing ISM (e.g., Verhamme et al. 2008) . For the older population, these galaxies are more evolved with lower SFRs, but they have had time to create holes in the ISM, which could allow Lyα photons to directly escape.
These two populations represent a bimodality in the specific SFR (sSFR) in our sample of LAEs. Out of the total sample of 150 LAEs which have IRAC constraints, we find that ∼75% have high sSFRs of 1 log (sSFR) 2, while 24% have somewhat lower values of −0.3 log(sSFR) 0.6. These latter 25% are the lower SFR, older subset of LAEs, which lie on the z = 2 MS on Figure 22 . However, this bimodality is seen in our best-fit values, thus to see whether it is an artifact of our SED fitting, we analyzed the full sSFR distribution using the 1000 Monte Carlo fits for each galaxy. We find that for a given galaxy in the upper or lower sequence (high or low sSFR, calculated from the best fit), the majority of the Monte Carlo simulations fall into that same sequence. This is especially true for galaxies in the upper sequence: 85% of all 1000 Monte Carlo simulations for all galaxies in the upper sequence remain in the upper sequence. However, for the lower star-forming sequence of galaxies, typically only in ∼60% of the simulations were they measured to have the same lower range in sSFR, while the remaining 40% of their simulations resulted in higher calculated sSFRs. This is shown in Figure  23 , where we plot the full range of measured sSFRs using the 1000 MC simulations for each source. The left-hand plot (blue histogram) shows the combined 1000 MC simulations for the 113 sources falling in the upper star forming sequence (log sSFR 1), and the right-hand plot is the same for all 37 sources falling in the lower star forming sequence (log sSFR 0.6). Our simulations show that for an object that has a best-fit value of the sSFR that places it in the upper sequence, it is very likely to truly have a high sSFR. However, for galaxies best-fit in the lower sequence, there is a non-negligible chance (∼40%) that they truly have high sSFRs, consistent with the upper sequence. This may imply that there is really only one SFR-stellar mass sequence for LAEs at z = 4.5, and that our methods of measuring physical properties scatter some fraction of sources into a lower sequence. However, even if ∼40% of the sources in the low sSFR bin truly had high sSFRs, that would still leave 22 of our sample of 150 LAEs (14%) on the lower sequence (consistent with the ∼15% of LAEs from Finkelstein et al. 2009) . Therefore it appears at least possible that there are two sequences of LAEs, though we are limited by the relatively small number of sources in the lower star forming sequence. In addition, as mentioned in §5.1 some of these massive galaxies have not yet been spectroscopically confirmed, and thus could be lower redshift interlopers, lowering the fraction of sources in the lower star-forming sequence, although the relatively high confirmation fraction for LAEs in FIG. 22. -Best-fit stellar mass versus the dust-corrected UV SFR, derived assuming the Kennicutt UV SFR calibration from 1500-2800 Å. Error bars on each quantity are based on the 1000 Monte Carlo simulations for stellar mass and dust. The observed z∼2 trend for star forming Main Sequence galaxies from Daddi et al. (2007) is shown by the blue line, while the green line is observed trend for z = 4-5 LBGs from Hathi et al. (2013) , and the red line is the z = 4 MS trend from Speagle et al. (2014) . The red points are the observed LAEs with IRAC detections (3σ), the green points are for LAEs with NIR detections, and the small grey points are for the LAEs with only optical detections + IRAC upper limits. For comparison, a stack of galaxies from z = 3.5-5 with Herschel observations from Schreiber et al. (2014) is denoted by the orange square. For the most part, the LAEs lie above the z∼2 trend line, but follow a similar shape and trend. A smaller fraction of the LAE population at z∼4.5 does fall right on the Daddi et al. line. The solid cyan line is the best-fit line to the IRAC-detected and HST-detected LAEs between the mass range of 10 7 -3×10 9 , extrapolated out to higher mass. This best-fit line has a logarithmic slope of 0.90 for our sample. The dashed cyan lines show the scatter from the best-fit line, which is ∼0.3 dex for the LAEs at z = 4.5. general implies that a significant contamination fraction is unlikely. Further studies with larger samples may help to better address this issue of whether or not there are two populations of LAEs.
SUMMARY
We have investigated a sample of 162 z =4.5 LAEs which were observed in the Spitzer IRAC 3.6 and 4.5 µm bands. These new Spitzer observations have allowed for better constraints on the SED fitting of these galaxies, specifically for those detected with IRAC, resulting in better estimates on the stellar masses. 19% of the z =4.5 sample were detected in at least one IRAC band, and this population of LAEs is typically more massive than the LAEs that were not detected in IRAC. When we fit the IRAC-detected galaxies individually we find typical stellar masses range 5×10 8 -10 11 M ⊙ . The stellar ages and dust attenuation are more difficult to constrain, even with individual SED fitting and the addition of IRAC data. Only a few individual objects, typically those with additional photometry data from HST NIR , have more robust contraints on the stellar age. In general the IRAC detected objects show a wide range in best-fit values for stellar age, ranging from a 10 Myr to 1 Gyr. By analyzing the physical properties of the individual galaxies that have IRAC detections, as well as performing stacking analyses on the IRAC-detected and IRACundetected samples, we find the IRAC-undetected sample has an average stellar mass of ∼1.5×10 9 M ⊙ , and an average age of 200 Myr. Whereas, the stacked IRAC-detected sample has an average stellar mass of 9×10 9 M ⊙ , and an average age of 900 Myr. The stellar mass and age estimates found for this sample agree with previous studies of LAEs at this redshift, however we are also detecting a population of relatively massive LAEs at this redshift, with a handful of our IRACdetected sample having masses between a few × 10 10 -10 11 M ⊙ . We have also used and demonstrated the importance of including nebular emission in the stellar population fitting process. When comparing best-fit ages of individual LAEs fit with and without nebular emission lines, we find a mean age ratio of Age neb / Age no neb = 0.5. This indicates that an individual LAE is 50% more likely to have a best-fit stellar population age greater than 600 Myr if the fit is done without including nebular emission. We have investigated the positions of our LAEs in the SFR versus stellar mass plane, and find that in general the z∼4.5 LAE population follows a similar shape for the derived MS of galaxies at z = 2, but the majority of our sample of LAEs lie above the z∼2 MS of star forming galaxies as derived from Daddi et al. (2007) , and the overall z∼4 trend from Speagle et al. (2014) . Previous studies of higher redshift galaxies (e.g. Hathi et al. 2013 & Bouwens et al. 2012 have also found that continuum-selected galaxies fall above the z = 2 MS trend line, though not as high as our sample of LAEs. We conclude The combined 1000 Monte Carlo simulations of specific star formation rate (sSFR) for all sources shown in the star formation -stellar mass plot from the previous figure. Left: blue histogram is those in the upper star forming sequence (113 sources total). Right: red histogram is for all 37 sources falling in the lower star forming sequence. The left plot shows that sources that fall in the upper sequence are highly confident to be high sSFR sources, and will stay in the upper sequence. Whereas in the right plot, sources are only likely to remain in the lower star forming sequence 60%, and have a 40% chance of actually being in the upper sequence.
that at a given stellar mass, both higher redshift galaxies, and galaxies exhibiting Lyα in emission, produce stars at a higher rate. We do find a smaller subset of LAEs that fall below our trend line which are consistent with the z = 2 MS results, indicating that there may be two mechanisms for Lyα escape. One where the galaxies are young, massive, and undergoing a burst of star formation,which creates large amounts of Lyα, and allows Lyα to more easily escape through an outflow in the galaxy. In the second situation, the galaxies are older, more evolved, have lower SFRs, and have had time to create holes and locations in the galaxy for the Lyα to escape. Although some fraction of these more evolved galaxies may truly be younger (due to degeneracies in the SED fitting process), it is possible that at least 15% of our sample of LAEs are dramatically different than the typical LAE. These possible scenarios of two methods of Lyα escape are directly testable by comparing the redshift of Lyα emission to the systemic redshift of a galaxy. 
